Abstract-A theoretical analysis and experimental verification of the signal properties of the GaAs MESFET mixer are presented. Experimental techniques for evaluating some of the mixer parameters are described.
I. INTRODUCTION T HE low-noise performance of GaAs Schottky barrier gate field-effect transistors (MESFET'S)as high-gain linear amplifiers in the high microwave band (C-X band) has been demonstrated by many laboratories [l] .l In this paper we shall show that these transistors also have the potential for low-noise operation as microwave mixers with gain and high dynamic range. As such, they combine the best features of the tunnel diode and the Schottky barrier diode mixer. We also show in this paper how certain of the FET mixer parameters can be measured. Using the measured parameter values in the theory developed here, we obtain good agreement with experiment. Our experiments were performed at X band with singlegate GaAs MESFET'S.These studies, a natural extension of our investigations of the GaAs FET linear amplifier, were intended to assess the suitability of the GaAs FET as a building block for the three basic active components of an integrated front end at X band, namely the RF amplifier, local oscillator, and mixer. The devices used in the mixer studies were the same as those used in the low-noise amplifier experiments. That is to say, no attempt was made to optimize them for mixer applications.
II. FREQUENCY CONVERSIONIN AN FET
The small-signal equivalent circuit of the unpackaged FET valid at frequencies up to X band and higher is illustrated in Fig. 1 . Additional parasitic elements, such as lead inductances and interelectrode capacitances, must be added for a device mounted in a package. (Our experiments were made with unpackaged FET's with beam leads.) In a well-designed GaAs MESFETthe parasitic contact resistances R~~, R,, and R~, in the gate, source, and drain leads, respectively, are small compared to the drain resistance Rd. Manuscript received October 3, 1975; revised December 17, 1975 . The authors are with the Research Division, the Raytheon Company, Waltham, MA 02154.
1 Since in this paper we shall consider only GaAs Schottky barrier gate field-effect transistors, we use the terms GaAs MESFET, GaAs FET, and FET interchangeably. However, 11~~and R, are the principal sources of extrinsic noise [2] . Mixing occurs in an FET when the small-signal elements representing the FET are varied at a periodic rate by a large local oscillator signal impressed between a pair of the device terminals, usually the gate-source terminals. In tt
GaAs MESFETthe strongest gate-bias dependence is exhibited by the transconductance g~. The mixing products attributable to parametric "pumping" of the source-gate capacitance C,~and its charging resistance Ri are negligible. The drain resistance also shows a strong gate-bias dependence. However, since it is not integral to the gain mechanism of the FET, we have used only its time-averaged value in our theory. The theory can be generalized to remove this simplification, but our experimental results did not~equire this, at least for the signal properties of the mixer. Fig. 2 
All harmonic amplitudes can be assumed to be real by proper choice of the time reference. In accordance with our earlier stated assumption, we will neglect all harmonic components of R~(t), so that the time-varying voltage amplification factor p(t) can be written as ,u(t)~Rdg~(t),
where I?d = RO is the time-averaged component of the drain resistance. Let a small-signal v=(t) of frequency ml # COO be impressed on the gate capacitatice, as indicated in Fig. 1 
where Ek = Ofork # 1.
The equivalent circuit of the FET mixer, based on Fig. 1 , representing (3) is shown in Fig. 3 . Because we have chosen the incoming signal frequency to be the "lower side band," i.e., inl < @o, we must use the complex conjugate component of the signal. This will be denoted by the asterisk (*). In our representation the boxes labeled Fk and Fk' are fictitious ideal (lossless) filters which have zero impedance at the desired frequency and infinite impedance at all the remaining side-band components. In practice, of course, these filters are not ideal and are not necessarily separable in a physical sense. Neither are the set of input ports, or output ports, physically separable. The source-drain capacitance does not appear in Fig. 3 since we have included it as part of the filter-termination circuit of each output port.
We have also included a set of input and output oscillator ports. The oscillator signal is assumed to be injected at the gate terminal as shown in Fig. 3 = R~, -t-R~i-R., (k = 4,5,6) (5a) We find from the Appendix that the gain expression for this case simplifies to ()
where Ri~= R~~+ Ri + R, is the input resistance. Note that the gain has a bandpass shape factor for the input and output Gircuits, as one might expect. The gain is maximum at band center when the source and load are conjugately matched to the FET, that is, for R~= Ri~, X~= (WI~)1 -1;
R~= Rd, XL = O. Defining GC = Gav,~.,, we find
We shall hereafter refer to the maximum available mixer gain as the conversion gain. It is not surprising that this expression for conversion gain is of the same form as that for the maximum available [EEETRANSACnONS ON Microwave THEORY AND TECHMQUES, JUNE 1976 amplifier gain G. 
can be larger than unity. That is, the conversion gain can exceed the amplifier gain. We shall demonstrate this later. Even though gl/g~< 1, the ratios C/~and~JR~are greater than unity since for maximum conversion gain the device is biased near pinchoff, in contrast to the amplifier for which the gate is operated at or near zero bias.
C.' Bias Dependence of Mixer Gain Parameters
The conversion gain is a strong function of the gate bias and LO drive. The quantity most strongly dependent is the conversion conductance gl. One might expect gl to be greatest for a gate bias near pinchoff, since it is here that the transconductance is most sensitive to bias modulation by the LO. This is true. To demonstrate this, let the instantaneous voltage between the gate-source terminals be represented as V,g(t) = Vgg + V. Cos O@ (11) where Vavis the dc bias and VOthe peak RF amplitude of the LO drive. This modulation wave is shown in the inset of Fig. 4 
(a).
Alsb illustrated in this figure is a plot of the theoretical conversion conductance as a function of dc bias when the LO amplitude is chosen to be the maximum possible value. This is taken to correspond to the onset of forward conduction of the Schottky barrier gate (approximately 0.5-V forward bias). Excessive forward conduction requires unnecessary LO power. The curve was calculated by a numerical Fourier analysis of g~(t) for the experimental curve shown in Fig. 2 . Notice that a broad maximum in the curve occurs at approximately V~~= -3.2 V, near the pinchoff point for g., (Fig. 2) , Observe from Figs. 2 and 4(a) that the maximum value of gl is approximately one-third of the maximum (zerobias) value of g~. This ratio is close to the I/n ratio obtained for the "ideal" case when g~is a step function of gate bias.
For LO drive amplitudes below the maximum level, curves similar to Fig. 4 (a) would be obtained, but of progressively lower value. We show this dependence explicitly for the gate bias corresponding to pinchoff [Fig. 4(b) ]. The steeper the g~curve is near pinchoff, the steeper the gl curve is near zero LO drive. In fact, for an ideal gṽ ersus V~~dependence, the gl curve in Fig. 4(b) would also be a step function, with maximum gl occurring for vanishing LO drive.
Gate capacitance exhibits a much milder dependence on Fisx. 5. Measured sourc~-g+e capacitance as a function of gate bias and Its hnear approximation.
gate bias. The experimental points in Fig. 5 were obtained for the same FET whose transconductance curves were shown previously.
Beyond the pinchoff bias, C,~continues to decrease. Because of the mild variation of C,~, we have approximated the experimental data by a linear function of bias, as shown by the solid line. For other devices, quadratic and higher order terms may be needed.
In general, if the gate bias dependence of C,. is highly nonlinear, the average capacitance~"seen" by the small signals differs from the average capacitance Co "seen" by the LO, and both differ from the static value at the bias ( ). When a linear approximation to the point C,~= C.9 J& CJV,,) data is possible, as in Fig. 5 where Z~~,is the zero bias drain current and VPis the magnitude of the gate bias for current pinchoff. Since 1~,, and Vp are measurable, VOcan be determined from (13). It is important in the experiment that the drain circuit present a low impedance at the oscillator frequency and its first few harmonics, otherwise the waveform of the time-varying drain current will be distorted.
When (13) 
allows one to determine the product E02Rin without knowledge of Ri.. If CO is known from capacitance data, one may determine Rim without recourse to high-frequency smallsignal measurements.
Furthermore, since C x CO, this R-C product can be inserted directly into the denominator of the conversion gain expression (8).
The determination of Rd by Fourier analysis is not recom- mencled since the low-frequency drain resistance often
shows an erratic dependence on gate bias which is not evident at higher frequencies. It is preferable to obtain Rd by measurement of the resistance presented to the FET by the IF circuit when the IF load is adjusted for maximum conversion gain at each LO drive. This was the method used by us.
E. Noise
Noise in a microwave FET is produced by sources intrinsic to the device; by thermal sources associated with the parasitic resistances, i.e., the gate metallization and source and drain contact resistances, and by extraneous sources arising from defects in the semiconductor material such as traps. The spectrum of the intrinsic and thermal sources is "flat," i.e., white noise, extending well beyond the microwave band[. The trap noise, generally, shows a rapid drop with frequency, often exhibiting a 1/~-like character. As such it is more pronounced in the IF frequency band than in the signal band.
Experiments performed at this laboratory show that the l/~component of the noise spectrum in the drain current extends at least up to 100 MHz. The experimental results reported here give evidence that the l/j noise may be responsible for the degradation of the mixer noise performance at the 30 MHz IF.
The theoretical analysis of noise in a GaAs MESFETmixer is complicated because the correlation between the intrinsic drain noise and the induced gate noise cannot be neglected and is also a time-varying
function. An analysis of the moise performance of a GaAs MESFETmixer is in progress.
IV. EXPERIMENTAL RESULTS

A. Introduction
In this section we shall" describe experimental results obtained with two different series of GaAs MESFET'S.The first FET, series 71018, has a gate length of approximately 2.5 j~m, a gate width of 500 pm, a terminal pinchoff voltage v, z: 3.3 V,2 and a channel doping of 8 x 1016 cm-3. series it is lower, but was not measured.
All experiments were performed with the mixer circuit in integrated form on a 20-mil-thick alumina substrate. All conductors were gold. The RF frequency was in the vicinity of 8 GHz, the IF frequency was maintained at 30 MHz. A schematic of the mixer circuit is shown in Fig. 7 . The alumina substrate consists of two parts which lie on a common metal base containing a ridge. The ridge divides the base into two contiguous sections. The two alumina wafers butt against the ridge and connect to the gate and drain terminals of the beam-leaded FET chip which is mounted, grounded source, on the ridge. One of the wafers contains the input or RF circuitry which appears to the "left" of the FET in the schematic (Fig. 7) . The other wafer contains the IF circuitry.
The IF impedance matching network shown in Fig. 7 was made of lumped elements and was contained in a separate chassis because of the low frequency.
The blocking capacitor in series with the RF line was in We have measured only the gain characteristics of the 71018 series to convince ourselves of the validity of the theoretical small-signal model. Following this, we then changed to the higher frequency 40713 series which we also used to measure gain. We then arranged a pair of these single-ended mixers in a balanced configuration to minimize LO-introduced noise. With this balanced mixer configuration we again measured gain and, in addition, the gain compression level, intermodulation products, and noise performance.
A block diagram of the balanced mixer configuration is shown in Fig. 8 . Notice the presence of phase shifters in each Before we display our results, a brief description will be given of the microwave test setup for measuring the gain and noise figure.
B. Experimental Test Arrangement
The experimental data were obtained with the setup described in Fig. 9 . The LO power was supplied by a klystron LO power and one signal generator was set, while the other signal level was raised until a decrease of 1 dB was observed at the IF output corresponding to the fixed signal.
4) Corrections:
Our results have been corrected to take into account the ohmic losses of the input circuit. The microstrip 3-dB hybrid coupler and the double-stub tuners present losses which attenuate the LO and signal powers and affect the noise figure measurement.
The input circuit was tuned for best operation of the mixer. Its attenuation was determined by measuring the insertion loss of each component separately. The 3-dB directional coupler had an insertion loss of 0.8 dB and the stub tuners 1.2 dB, giving a total loss of 2.0 dB for the input circuit.
The LO and signal powers were corrected by this amount. Thus tlie gain reported here is the conversion gain of the FET devices.
The noise figure measured includes the noise contributions of the input matching network preceding the mixer and the receiver preamplifier following the mixer. If we attribute the insertion loss of the hybrid coupler and double-stub tuners to dissipation only, then the noise figure of the input circuit is just equal to its insertion 10SS.Letting the insertion loss be L and the noise figure of the receiver preamplifier be F,, then by the cascade noise formula the measured noise figure F. is given by
where F is the noise figure of the mixer and G= is its conversion gain. From the preceding equation, the noise figure of the mixer is
The corrected noise figure F is -the one reportect here,
C. Conversion Gain
The measured conversion gain as a function of LO power for a 71018 unit is illustrated in Fig. 10 [3] . The device was operated near pinchoff. Also shown is the theoretical gain calculated by the method described in Section II. Note the excellent agreement. Observe that conversion gain is obtained with a LO drive level as low as 3 mW. It is interesting tlhat the 6.4-dB maximum conversion gain exceeds the maxi mum linear amplifier gain of 4.7 dB at 7.8 GHz predicted on the basis of the measured S parameters. The LO power retpired for maximum conversion gain can be reduced substantially by decrease of the pinclhQff voltage. We have verified this with the 40713 series. The measured conversion gain is shown in Fig. 11(a) [4] . Note that nearly the same 6-dB maximum gain is obtained. as before, but with approximately 50 percent of the LO power. By a further 50,percent reduction of the LO power to 8 lmW, only l-dB reduction in gain results. Fig. 11(b) illustrates the excellent signal-handling property of the FET mixer. Note that unlike the diode mixer a higher LO power does not necessarily imply a higher 1-dB gain compression point. Indeed, our measurements indicate that there exists an optimum LO power to give a maximum l-dB gain compression point., It should be pointed out that the 1-dB gain compression level at the lower LO power We believe that the minimum noise figure, 7.4 dB, is the lowest reported for an FET mixer operating at this high an RF frequency. Note that at the minimum noise point, the total LO power is only 6 mW, well within the range of an FET oscillator. At this operating point the gain is still in excess of 3 dB, nearly 10 dR higher than for a diode mixerthus eliminating the need of a preamplifier. The mild dependence of the noise figure on LO power suggests that there may be a considerable 30-MHz component of l/~base-band noise being amplified.
There is some evidence that this noise can be reduced considerably by using a high-resistivity buffer layer between the channel epitaxial layer and the substrate interface. in Fig. 11 ), the calculated degradation in the mixer noise figure is AF@ = 2.1 x 10-2 for the phase imbalance and AFg = 3.1 x 10-3 for the gain imbalance.
Therefore the increase in the noise figure at the minimum is only 0.02 dB, a negligible quantity.
E. Intermodulation Distortion anced diode mixers is in the range of -6 to -1 dBm, over low-level diode mixer. It is apparent that even at this stage of development the GaAs MESFETmixer has nearly a 10-dB advantage over the diode mixer in the gain and in the signal distortion levels. The small difference in the noise figure, we believe, will narrow in the near "future, and possibly change sign.
F. Burn-Out Level
We have not performed burn-out tests on the GLAS MESFETmixer. However, such tests were made on similar FET's in amplifier circuits. CW power levels in excess of 1 W were impressed on the gate without permanent damage.
V. SUMMARY We have shown that the GaAs MESFETmixer can exhibit conversion gain at microwave frequencies, which is predictable from a simple circuit model based on the small-signal properties of the FET and the modulation characteristics of the low-frequency transconductance.
The experimental results show that the GaAs MESFETis a promising candidate for integrated front-end" applications at X band, and possibly at higher frequencies.
A substantial improvement in the noise properties is expected with the use of buffered-layer devices, so that the GaAs MESFETmixer may become competitive and perhaps superior to existing solid-state devices operating with comparable signal levels. 
10 dB lower. Furthermore, the output level corresponding Notice that the first term in the denominator of (A2) invollves to the l-dB gain compression point is also some 10 dB only the input RF circuit and the output IF circuit. The lower than for the FET mixer. terminations at the remaining ports only enter in 8. Thus the ratio of 3 to this term ii of the order of (g1RJ2/ ml CRi.. Since col CRi. = 0(0.5) for a well-designed FET, whereas glR~= 0(0.05), the d term in the denominator of (A2) is less than 1 percent of the first term and can be 
of the text is obtained.
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